S --+_ _agm.atlc Cﬂrbaﬁ"Dlomde Emlssmns
Enernmental Effects and Hazards at
' Mammoth Mountaln Callfornla

Christopher Farrar

U.S. Geological Survey




Acknowledgements

Deb Bergfeld and Bill Evans, USGS Menlo Park
Andy Hunt, USGS Denver

Dean Anderson, USGS, Denver

Jennifer Lewicki, Lawrence Berkeley Lab

Mark List, Cal State University at Sacramento
Many Others at Cascades Volcano Observatory

Funded by USGS Volcano Hazards Program




Mono Craters

o
p—
“-’ L

- Inyo Craters s

-

A Mtn. Glass
A Mtn.

3 e e e —

-

et




Past Volcanic Eruptions in the
Long Valley Region

Smaller eruptions have occurred
on average about every 200 yrs
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Long Valley Caldera Hosts an
Active Hydrothermal System

55
Muunlam P

7

v 5
7 ']
)\} .

r 4
Long Valley Caldera \ﬂ'
topographic boundary

Ml e

|.|I

_....{\ Crowley

“\ Lake (,J
“ \ Owens River




Two Sources of CO, Emissions
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CO, was not measured or monitored
prior to 1994 at Mammoth Mtn.




Dead Trees
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CO2 emissions began
in 1990 but went
undetected until the
cause of dead trees
and dizzy people
demanded an answer.
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Chemical Analyses

gas in

fumarole

98.7
0.0011

0.0021
0.0327
0.0221

gas in
vault
98.7

0.0015

0.0014
<0.0002
<0.0005

soil-gas in
tree-kill area
96.8
0.0031

0.0004
0.0035
<0.0005

ac USGS




Carbon Dioxide Hazard

Concentrations over 3% dangerous
Density is ~ 1.5 x air

Collects in enclosed spaces and depressions
Generally odorless and invisible

Deep snhow pack increases danger

Thermal ground increases danger

High altitude increases danger




What Triggered the Increase in CO2 Flux
at Mammoth Mountain?
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The 1989 Mammoth Mtn. swarm marked the onset
of deep LP earthquakes and CO, emissions
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Gas Isotopic Composition

Soil Gas Fumarole
Control Tree Kill MMF

delta 13C -19.9 -3to-4.5 -4.6

14C 113% 0 to .1 0

He 3/4 1 4to5 4to7
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Mammoth Mountain
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Paths of CO, from Shallow Crust to Surface

Mammoth Mountain

CO, moves along preferential paths — Faults and Contacts




Hypocenters

In 1989 Swarm

Depth (km)
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Arcuate Pattern

Shallow over Time
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“History” of magmatic CO, emissions at Mammoth Mountain
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CO, Flux Methodologies

 Ground Based
Chambers with Continuous IRGA
Chambers with Discrete Samples
Eddy Covariance

 Aircraft
Sample Plume
Multispectral Remote Sensing
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Flux Chamber Data

R? = 0.9904

Generally very linear




Carbon Dioxide
Flux
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Eddy Covariance

Uses Micrometeorology
and CO, Concentration

Measured at High Freq




3-D Anemometer

Open Path
IRGA







1996 AVIRIS 2000 AVIRIS

Mark List, CSUS graduate
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But Many Areas on Mammoth Mountain

Are above Tree Line
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Mammoth Mountain Fumarole

Soil temperature at 30 cm

Meters




Mammoth Mountain Fumarole
CO2 Flux

Grams/day/m

CO, Flux = 1.6 t/d
September 2006
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Flux

Mammoth Mountain Fumarole

Soil Temperature and CO2 flux 2500

Well Correlated
2000
1500

Soil Temperature 1000
Increasing

500

— 100

T
TR
T e e o it
o e o, A s
===
X :
 } X

= = :
i

[ S -




Feb 2009 more benign conditions

April 2006 three ski
patrollers trapped
in CO2 filled ice
cave died
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Horseshoe Lake Area
October 2005 and 2006

October 2005 October 2006
35 tons/day 16 tons/day
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Flux Chamber
Method Shows
Area and
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Diminishing in
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Time History of CO, Flux

Mammoth Mountain Total
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Cold springs and wells that contain magmatic C from Mammoth Mtn.

55 t/d magmatic CO,

Transported in shallow
ground water

Variable CO, transport

resugent I8 dependent on GW recharge

—
Ground-water flow direction

Evans etal, 2003 > IRt




Impacts of COg Include

Destruction of Forest Areas
Lowers pH in Shallow GW and Soll
Accelerates Weathering (104 t/y)

Corrosion and Gas in Wells
Campground Closure
Human Deaths

Snow Compounds the Hazard




California: Mammal and Human Deaths
Mammoth Mtn

Clear Lake

Yellowstone Italy Kamchatka




Summary and Conclusions

Magmatic Origin

Released from a Reservoir not Active Degassing
Nearly Pure CO, Mostly at Ambient Temperature
Date of Increase Approximately Known (1989)

Emission Apparently Diminishing




Moves up Under Pressure Along Faults
and Possibly Geologic Contacts
(~10 to 20 m/d)

Saturates GW System — Flows Kms Away

Moves by Gravity Flow

Spreads Out in Permeable Deposits
Affected by Meteorology

Carrier Gas for Radon

Analog for CO, Sequestration Leakage




Detection-
Vegetation |
Physiologic Response
Remote Sensing
Gas Monitors

"‘-r"'-l...

-




Nagging Questions

Depth of Reservoir
Volume of CO, in Reservoir
Length of Time Filling

Combined Effects of Topography and
Meteorology

Sealing Processes
Best Method to Monitor Changes




» Volcanic gas emissions are hazardous

« Magmatic CO, emissions make Mammoth
Mtn the second deadliest US volcano in the
20t century




What’s Next for Mammoth Mountain?







